Nucleic acids are substrates for different types of damages, but little is known about the fate of damaged RNAs. We addressed the existence of an RNA-damage response in yeast. The decay kinetics of GAL1p-driven mRNAs revealed a dose-dependent mRNA stabilization upon UV irradiation that was not observed after heat or saline shocks, or during nitrogen starvation. UV-induced mRNA stabilization did not depend on DNA repair, damage checkpoint or mRNA degradation machineries. Notably, fluorescent in situ hybridization revealed that after UV irradiation polyadenylated mRNA accumulated in cytoplasmic foci that increased in size with time. In situ colocalization showed that these foci are not P-bodies, EGP-bodies, stress granules, autophagy vesicles, or part of the secretory or endocytic pathways. These results point to the existence of a specific eukaryotic RNA-damage response, which leads to new polyadenylated mRNA-containing granules (UV-induced mRNA granules, UVG). We propose that potentially damaged mRNAs, which may be deleterious to the cell, are temporarily stored in UVG granules to safeguard cell viability.
Introduction
DNA repair is crucial to maintain genome integrity, but it is not the only target for nucleic acid-damaging agents, since these may affect RNA molecules as well. In the cell, RNA is more abundant than DNA, and almost all cellular RNAs either encode proteins (mRNA) or are involved in the mechanism of protein production (rRNA and tRNA). Nevertheless, only 28% of genomic DNA is transcribed into RNA and only 5% of these transcribed sequences actually encode proteins in humans (Baltimore, 2001 ).
Since RNA is mostly single-stranded, it may be more susceptible to damaging agents than DNA, whose bases are protected by hydrogen bonding and located inside the double helix (reviewed in Bregeon and Sarasin, 2005) . From this point of view, it is likely that significant RNA damage occurs when cells are exposed to genotoxic agents.
In fact, alkylating agents, reactive oxygen species and UV irradiation have been shown to induce RNA lesions (reviewed in Bregeon and Sarasin, 2005) . RNA oxidation has been implied in a wide variety of neurological disorders (reviewed in Nunomura et al., 2006) , while some anticancer agents cause RNA damage that lead to cell-cycle arrest and cell death as much as DNA damage does (reviewed in Bellacosa and Moss, 2003; Bregeon and Sarasin, 2005) . Moreover, nitrogen mustard, cisplatin, and alkylating agents inhibit translation reactions, which indicates that a single mRNA lesion may be sufficient to block translation (Rosenberg and Sato, 1988; Masta et al., 1995; Heminger et al., 1997; Ougland et al., 2004) .
The abundance of individual mRNAs in the cell is determined by the rate at which they are produced and degraded. mRNA stability can be regulated in response to a variety of stimuli, allowing for rapid alterations in gene expression. Many clinically relevant mRNAs are regulated by differential RNA stability, and the aberrant control of mRNA stability has been drawn into disease states, including cancer, chronic inflammatory responses and coronary disease (reviewed in Hollams et al., 2002) . In eukaryotes, several types of cytoplasmic particles containing dormant mRNAs have been observed under stress, during oogenesis and in neuronal cells (reviewed in St Johnston, 2005; Anderson and Kedersha, 2006) .
Components of the 5' 3' mRNA decay pathway and translationally repressed mRNPs are enriched in granular cytoplasmic foci known as processing bodies (Pbodies; reviewed in Anderson and Kedersha, 2006; Eulalio et al., 2007; Parker and Sheth, 2007) . P-body size is proportional to the flux of mRNAs undergoing the 3 decapping step in turnover. The mRNA decay intermediates trapped in the process of degradation are localized to these structures in yeast and human cells (Sheth and Parker, 2003; Cougot et al., 2004) . P-bodies are dynamic structures and are affected by a range of cellular perturbations including glucose deprivation, osmotic stress, exposure to UV light, and the stage of cell growth (Kedersha et al., 2005; Teixeira et al., 2005; Wilczynska et al., 2005) . Beyond their participation in mRNA decapping, P-bodies have been suggested to be functionally involved in nonsense-mediated decay, mRNA storage, general translation repression, miRNA mediated repression, and viral packaging (reviewed in Anderson and Kedersha, 2006; Eulalio et al., 2007; Parker and Sheth, 2007) . Recently, new cytoplasmic mRNA granules called EGP-bodies have been described in yeast (Hoyle et al., 2007) . EGP-bodies, which are distinct from P-bodies, arise under glucose starvation condition and contain the translational factors eIF4E, eIF4G, as well as Pap1. EGP-bodies have been proposed to be sites where mRNAs are stored during period of translational inactivity.
In mammalian cells, different types of stress, including UV irradiation, heat shock and oxidative stress, inhibit translation of bulk mRNA, which aggregates in cytoplasmic structures known as stress granules (SGs; Kedersha et al., 1999; Kimball et al., 2003) . SGs are dynamic and reversible structures, which assemble in response to environmental stress and disperse after recovery. SGs contain most of the 48S preinitiation complex (e.g. eIF3, eIF4, and eIF4G), PABP1, the p54/Rck helicase, the 5' 3' exonuclease Xrn1, many RNA binding proteins including the prion-like proteins TIA-1 and TIAR, and polyadenylated (polyA+) RNA (reviewed in Anderson and Kedersha, 2008) . Stress granules and P-bodies appear to interact with each other under certain circumstances (Kedersha et al., 2005; Wilczynska et al., 2005) , although the diversity of different mRNP types and the mechanisms that mediate transitions between stress granules, P-bodies, and polysome bound mRNAs remain to be established. SGs have been described in Schizosaccharomyces pombe (Dunand-Sauthier et al., 2002) , but
have not yet been reported in Saccharomyces cerevisiae.
Given the importance of controlled mRNA turnover and the likeliness of bulky adducts to impair translation, the existence of some kind of surveillance mechanisms is rather predictable. However, little is known about the fate of damaged mRNAs to date.
We addressed the existence of an RNA-damage response in the yeast S. cerevisiae by a combination of genetic, molecular and cellular approaches. Our results point to the existence of an RNA-damage specific cellular response in yeast, which leads to 4 transcript stabilization and to the accumulation of poly-A+ mRNA in a novel class of cytoplasmic granules.
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Materials and Methods
Strains and plasmids
We used the wild-type strain W303-1A , its isogenic rad1•::LEU2 (W839-5D, R. Rothstein) and rad53-21 (LSY843, L. Symington), plus dcp1-2 and its isogenic wild-type DCP1 (MATa his4 leu2 lys2 ura3 trp1; Tharun and Parker, 1999 (Mason and Struhl, 2003) . Strains harboring GFP-tagged PUB1 and NAM8 genes at their respective chromosomal locus were purchased from Invitrogen (Carlsbad, California, USA) and backcrossed with W303. Strains harboring GFP-tagged CDC33, TIF4631, TIF4632, and PAB1 genes were kindly provided by M. Ashe (yMK 885, yMK1172, yMK1214, yMK1185). Plasmids expressing GFP-tagged proteins were provided by J. de la Cruz (pRS315-Rpl25-eGFP and pRS315-Rsp2-eGFP), or constructed by inserting the ORF in a pUG34 vector (pUG34-GFP-Aut7). Plasmid pRS424-GAL1 expressing the GAL1 gene under its own promoter was constructed by inserting the GAL1 ORF into a pRS424-GAL1p vector kindly provided by R. Wellinger.
UV irradiation and recovery
Irradiation and recovery were carried out as described (Gaillard et al., 2007) with minor modifications. Yeast cells were grown at 30°C in YPGal (1% yeast extract, 1% peptone, 2% Galactose) to an OD 600 of 0.8, harvested, and resuspended in synthetic complete (SC) medium with 0.2% Galactose to an OD 600 of 1.2. Four mm-deep cell suspensions were irradiated with UV light using germicidal lamps (Philips T UV 15 W) at the indicated dose, as measured by a UVX radiometer (UVP Inc., San Gabriel, CA).
After irradiation, the medium was supplemented with the appropriate amino acids and glucose (2% final concentration), and incubated at room temperature in the dark in a shaker for recovery. Where indicated, cycloheximide or thiolutin (SIGMA) were added to UV-irradiated cells to final concentrations of 100 µg/ml and 6 µg/ml, respectively.
For FISH analysis of GAL1 RNA, cells harboring pRS424-GAL1 were grown in SCGal (SC with 2% galactose) to an OD 600 of 0.3. Cells were harvested and resuspended in SC with 0.2% Gal to an OD 600 of 0.5. Four mm-deep cell suspensions were irradiated with 200 J/m 2 UV light using germicidal lamps (Philips T UV 15 W) and the medium supplemented with the appropriate amino acids and Glucose to 2% final concentration.
For RNA isolation, 10 ml samples were collected at different time points and immediately frozen in liquid nitrogen. For microscopy and FISH analyses, the samples were directly processed. without ammonium sulfate and incubated in a shaker at room temperature. All media were pre-warmed to 30°C and centrifugations performed at 25°C. For RNA isolation, 10 ml samples were collected at different time points and immediately frozen in liquid nitrogen.
Heat and saline shocks and nitrogen starvation
Northern analyses
RNA was extracted and Northern analyses performed according to standard procedures. Filters were hybridized with either a 764-bp long GAL1 fragment or a 455-bp long YLR454w fragment obtained by PCR using primers GAL1-A (5'-GTGCCCGAGCATAATTAAGAAAT-3'), GAL1-B (5'-TGTAGTGACTTCTACCAC TCTTA-3') and YLR3-A (5'-GATGGAAACGGAGATGACGA-3'), YLR3-B (5'-CGAAGTTCTTCAGGCTCCG-3'), respectively. Northern blots were quantified using a Fuji FLA 3000 and normalized to the rRNA levels of each sample.
Polysome profile analyses
Polysome preparation and analysis were performed as described (Kressler et al., 1997 
Reverse-transcription-PCR analyses
Poly-A+ RNA were isolated from total RNA to eliminate residual DNA from the samples using oligo-dT coated magnetic beads (Novagen) and then subjected to reverse transcription (Transcriptor First Strand cDNA Synthesis Kit, Roche). The sequences of the oligonucleotides used for the PCR are available upon request.
Fluorescence in situ hybridization (FISH)
The sub-cellular distribution of poly-A+ RNA was examined by in situ hybridization using a digoxigenin-conjugated oligo(dT) probe and indirect immunofluorescence microscopy as previously described (Cole et al., 2002) .
Oligo(dT) 50 was 3'end-labeled with digoxigenin (Roche Applied Science), and rhodamine-conjugated anti-digoxigenin antibody (1:200 dilution; Roche Applied Science) was used to visualize poly-A+ RNA. To visualize the sub-cellular distribution of GAL1 RNA, six GAL1-specific fluorescein-conjugated probes were used. GAL1 fragments were labeled by PCR using fluorescein-conjugated nucleotides (Roche Applied Science), and purified using GFX columns (GE Healthcare in SCD without ammonium sulfate. After incubation at room temperature in the dark for the indicated time, 2 µl of cell suspension were directly observed by fluorescence microscopy. Acquisition was done in a Leica DM600B Microscope equipped with a Leica DFC350FX camera using a HCXPL APO 100x 1.40 oil objective (Leica). Images of the co-localization experiments are a Z-series compilation of 5-10 images. Merges were generated using Adobe Photoshop 7.0.
Confocal microscopy
For direct visualization of GFP-tagged proteins under glucose starvation, cells were grown to an OD 600 of 0.6 in SCD, washed twice, resuspended in either SC-(no glucose)
or SCD. For UV irradiation analyses, cells were resuspended in SC-to an OD 600 of 0.5.
Four mm-deep cell suspensions were irradiated with 100 J/m 2 UV light using germicidal lamps (Philips T UV 15 W) and the medium supplemented with the appropriate amino acids and 2% glucose. After incubation at 30°C in the dark for 1 hour, 2 µl of cell suspension were directly observed by confocal microscopy. Acquisition was done in a Leica TCS SP5 Microscope using a HCXPL APO 100x 1.40-0.70 oil objective (Leica) and Leica Application Suite Advanced Fluorescence 1.6.3. Images of the colocalization experiments are a Z-series compilation of 2-3 images. Merges were generated using Adobe Photoshop 7.0. Quantification of colocalization was done manually in Z-series compilation of 5-12 images comprising a total of 239 cells for Pbodies and using the Metamorph 7.5.1 application software for GAL1 (>300 cells).
Results
UV-irradiation leads to mRNA stabilization in a dose-dependent manner
Assuming that damaged mRNA might be rapidly degraded to avoid their putative deleterious effects for the cell, we first analyzed mRNA decay of the GAL1
promoter-driven GAL1 and YLR454w Notably, UV-dependent mRNA stabilization was not significantly influenced by transcript length, since comparable degree of stabilization were observed with the short GAL1 (1,6 kb) and the long YLR454w (7,9 kb) genes.
Next, we tested whether similar mRNA stabilization was observed during recovery from other types of stresses. Mid log cells grown in YPGal were incubated for 10 minutes at 30°C in medium containing 0.8 M NaCl or at 45°C to induce saline and heat shock, respectively. Immediately after treatment cells were incubated in glucosecontaining medium and GAL1 and YLR454w decay analyzed by Northern ( Figure 2 ).
Although heat shock led to weak stabilization of the YLR454w transcript, neither saline nor heat shock resulted in a significant mRNA stabilization, despite cell survival of both treatments being comparable to after UV irradiation with 200 J/m 2 (60% survival). As an additional stress we used nitrogen (N) starvation. We incubated mid-log cells in SCGal without ammonium sulfate for 2 hours, after which we changed the medium for
SCD without ammonium sulfate to analyze GAL1 and YLR454w mRNA decay under Nstarvation conditions ( Figure 2 ). None of the transcripts were stabilized by N-starvation, on the contrary, decay of the GAL1 transcript appeared to be even faster than in mocktreated cells. Thus, our results indicate that UV-dependent mRNA stabilization is not part of a general stress response.
Since UV-irradiation generates DNA lesions and leads to the activation of DNA-damage checkpoints, we investigated whether UV-dependent mRNA stabilization might depend on DNA repair and checkpoints activation. Analyses of mRNA decay after UV irradiation in nucleotide excision repair-deficient rad14• and rad1• strains showed similar mRNA stabilization as in wild-type cells (Figure 3 ), indicating that increased transcript stability does not depend on DNA repair. UV-dependent mRNA stabilization was also observed in the rad9• and rad53-21 checkpoint mutants ( Figure   3 ), suggesting that transcript stabilization is not a consequence of classical DNAdamage checkpoint activation. To test the putative implication of mRNA degradation pathways in UV-dependent transcript stabilization, we extended our study to mutants of the nuclear (rrp6•) and cytoplasmic (lsm1• and dcp1-2) mRNA decay machineries ( Figure 3 ). As previously reported (Tharun and Parker, 1999; Bouveret et al., 2000; Tharun et al., 2000; Kuai et al., 2005) , mRNA degradation was slightly impaired as compared to wild-type in rrp6•, lsm1•, and dcp1-2 cells in the absence of UV irradiation. Importantly, UV treatment resulted in a substantial increase of transcript stabilization. Thus, our results indicate that UV-induced mRNA stabilization does not depend on functional nuclear or cytoplasmic mRNA degradation machineries.
Poly-A+ mRNA accumulate in discrete cytoplasmic foci upon UV-irradiation
Given the strong UV-dependent stabilization of GAL1 and YLR454w transcripts, we wondered whether poly-A+ mRNAs might accumulate in the nucleus or in some other organelles upon UV irradiation. To directly assess the cellular localization of poly-A+ mRNA after UV irradiation, we performed FISH with oligo(dT) probe at various time points. As can be seen in Figure 4 , poly-A+ mRNAs started to accumulate in cytoplasmic foci 15 minutes after UV irradiation. After 60 minutes, 80% of the cells showed bright poly-A+ foci, which tended to increase in size while they decreased in number with further incubation time, as determined by the number of cells with >2, 2, 1 or 0 foci. The results suggest that these foci identify dynamic structures. Importantly, the occurrence of UV-dependent poly-A+ foci did not correlate with cell death, since the UV dose used (200 J/mresults indicate that the UV-dependent poly-A+ mRNA cytoplasmic foci are not caused by a general stress response.
Impaired translation elongation has been shown to increase mRNA stability (Beelman and Parker, 1994) . As UV irradiation also injures RNA molecules (Rycyna and Alderfer, 1988) , it was conceivable that UV-damaged mRNA might impair translation elongation, either directly or indirectly, leading therewith to the observed mRNA stabilization. To test this hypothesis, we checked whether poly-A+ mRNA foci are induced after cycloheximide treatment. However, we did not detect any poly-A+ To assess whether poly-A+ RNAs found in the UV-dependent granules corresponded to mRNAs that were present at the time of irradiation or were transcribed a posteriori, we performed FISH analyses in cells in which transcription was blocked by the addition of thiolutin immediately after UV-irradiation ( Figure 5 , B). We first showed that thiolutin had no effect on the formation of UV-induced poly-A+ foci, which were formed in similar amounts in thiolutin-treated and non-treated cells ( Figure   4 ). This suggests that the foci contain transcripts that were present at the time of UVirradiation and, therefore, are potentially damaged RNAs. Next, we performed colocalization studies using a GAL1-specific probe in addition to the poly-dT probe, to assess whether the stabilized GAL1 reporter mRNA actually resided in the UV-induced poly-A+ foci. The results, shown in Figure 5 , C, were obtained 30 minutes after UVirradiation (and transcription switch-off), a time-point at which intact GAL1 transcripts are found in UV-irradiated cells but not in non-irradiated cells (see Figure 1 ) and at which UV-induced poly-A+ foci are detected (see Figure 4) . A relevant fraction (35%) of the GAL1-specific foci colocalized with poly-A+ foci indicating that the UVGs contain stabilized reporter transcripts. In other cases, GAL1-foci were found aside from poly-A+ foci. We believe that these foci could correspond to transcripts being degraded within processing bodies (P-bodies).
As an additional approach to study the effect of UV irradiation on translation and the distibution of our reporter GAL1 mRNA in non-translated and translated fractions, we performed polysome profile analyses 30 min after UV irradiation and transcription switch-off. Extracts were fractionated on sucrose gradient and absorbance at 254 nm continuously monitored (Figure 6, A) . Our results show that polysomes are not disrupted in response to UV irradiation, even if a decrease in the overall amount of polysomes is observed, probably due to the previously described UV-dependent downregulation of transcriptional activity (Smerdon et al., 1990; Reagan and Friedberg, 1997; Gaillard et al., 2007) . To assess whether stabilized GAL1 transcript accumulate in polysome-free fractions, as predicted by our FISH results, poly-A+ RNA were purified from polysomal and polysome-free fractions and the presence of GAL1 transcript monitored by RT-PCR (Figure 6 , B). The highly-transcribed house-keeping RPB4 mRNA was used as internal control. We observed an enrichment in GAL1 transcript in the polysome-free fraction of UV-irradiated cells, indicating that the stabilized transcript are not associated with polysomes and thus not in the process of being translated.
UV-dependent poly-A+ foci represent new RNA granules
The major pathway of mRNA degradation has been shown to occur in defined cytoplasmic bodies (P-bodies) in yeast (Sheth and Parker, 2003) . P-bodies have been shown to increase in number and size in mutants in which mRNA turnover is inhibited at, or after decapping as well as in stress conditions, including UV irradiation and saline shock . To check whether the UV-dependent cytoplasmic mRNA foci correspond to P-bodies, we analyzed poly-A+ mRNA localization in the dcp1-2 decapping mutant by FISH (Figure 7, A) . We did not observe any significant difference between dcp1-2 and wild-type cells, indicating that UV-dependent poly-A+ foci formation occurs independently of the Dcp1 protein and that, in contrast to P-bodies, impairment of the major mRNA degradation pathway does not enhance UV-dependent poly-A+ foci. To investigate the possible connection between P-bodies and UVdependent poly-A+ foci more directly, we performed colocalization studies using an antibody against the P-body marker Dhh1 (Figure 7, B) . Our results show that most UV-dependent poly-A+ foci do not colocalize with P-bodies and, therefore, represent distinct cellular structures. However, a small fraction (11%) of poly-A+ foci partially 13 colocalized with P-bodies while another fraction (10%) was found just aside from Pbodies, suggesting that UV-induced poly-A+ foci and P-bodies might interact functionally. Given the recent discovery of EGP-bodies (Hoyle et al., 2007) , which are distinct from P-bodies and are caused by glucose starvation-induced translation repression, we assessed whether the UV-induced poly-A+ foci might correspond to EGP-bodies. First, we analyzed whether EGP-bodies might be induced upon UV irradiation by looking at the cellular localization of GFP-tagged eIF4E, eIF4G1, eIFG2, and Pab1 proteins (Figure 7, C) . While all four proteins accumulated in EGP-bodies upon glucose starvation, UV irradiation failed to induce a similar response. Second, to investigate whether poly-A+ foci might be induced in glucose starvation conditions and whether UV-induced poly-A+ foci and glucose starvation-induced EGP-bodies might colocalize in cells subjected to both stresses simultaneously, we performed colocalization studies using antibodies again eIF4E and eIF4G1 ( Figure S3 ). Our results
show that UV-dependent poly-A+ foci and EGP are induced only upon UV irradiation or glucose starvation, respectively, and that they do not colocalize in cells subjected to both stresses. Therefore, we conclude that UV-induced poly-A+ foci are distinct from EGP-bodies.
In mammalian cells, poly-A+ mRNA has been shown to accumulate in discrete cytoplasmic foci under stress condition (stress granules, SGs). SGs formation depends on the prion-like proteins TIA-1 and TIAR, which accumulate in the granules together with poly-A+ mRNA and most of the 48S preinitiation complex including the small but excluding the large ribosomal subunits (reviewed in Anderson and Kedersha, 2008 ).
SGs have not yet been reported in S. cerevisiae, although they have been described in S.
pombe (Dunand-Sauthier et al., 2002) . To approach the putative existence of SGs in S.
cerevisiae and whether the UV-dependent mRNA foci might correspond to SGs, we first checked the localization of both the large and the small ribosomal subunits after UV damage using GFP-tagged fusion of the Rpl25 and Rsp2 proteins, respectively (Figure 8, A) . Both proteins show diffuse cytoplasmic staining that was not affected by UV irradiation, indicating that neither the small nor the large ribosomal subunit accumulate in discrete foci upon UV irradiation. Next, we looked for yeast homologues of the TIA-1 and TIAR proteins by BLAST analysis. Two putative homologues were found, yPub1 and yNam8 (35% and 30% identity with TIA-1, respectively). We analyzed the localization of Pub1 and Nam8 after UV irradiation using GFP-tagged proteins (Figure 8, B and Nam8 are not involved in UV-dependent poly-A+ mRNA foci formation.
Autophagy is a process in which cytosol and organelles are sequestered within double-membrane vesicles that deliver the contents to the lysosome/vacuole for degradation and recycling of the resulting macromolecules. It plays an important role in the cellular response to stress, is involved in various developmental pathways and functions in tumor suppression, resistance to pathogens and extension of lifespan (reviewed in Klionsky, 2005a, b) . Since many of the UV-dependent poly-A+ mRNA foci were observed around the vacuole, we decided to check whether autophagy might be involved in their formation. Using a GFP-fusion of the Aut7 autophagy marker protein, we found that the autophagy pathway is indeed induced by UV irradiation, although to a lesser extent than in starvation conditions (Figure 9, A) . However, the kinetics of UV-induced autophagy and poly-A+ foci formation were different, since the autophagy response disappeared 120 minutes after UV-irradiation while poly-A+ foci could be observed as long as 5 hours after UV-irradiation (Figure 4) . Nevertheless, to be sure that UV-induced poly-A+ foci did not arise from autophagy vesicle, we performed colocalization studies 30 and 60 minutes after UV-irradiation -time points in which both responses are active-using an antibody against Aut7 ( Figure 9 , B and unpublished data). We did not detect any colocalization, indicating that Aut7 is absent from UVinduced poly-A+ foci.
Recently, mRNA and the poly-A+ binding protein Pab1 have been shown to interact with COPI-coated vesicles generated from Golgi membranes (Trautwein et al., 2004) . Since the poly-A+ mRNA foci formed upon UV irradiation reminded of the punctuate composite of the Golgi network and endocytic pathway, we performed colocalization studies using antibodies against the cis-Golgi marker Rer1 and the early endosome marker Tlg1 (Figure 9 , C). None of them colocalized with UV-induced poly-A+ foci, suggesting that they are not part of the secretory pathway.
Taken together, our results point to the existence of a RNA-damage specific cellular response in yeast, which leads to the accumulation of poly-A+ mRNA in 15 cytoplasmic foci. The fact that these poly-A+ foci do not relate to P-bodies, nor to EGPbodies, nor to stress granules, nor to autophagy vesicles, nor to the secretory network suggest that they might represent a novel kind of RNA granule (UV-induced granules, UVG).
Discussion
UV light produces cyclobutane pyrimidine dimers and pyrimidine-pyrimidone (6-4) photoproducts, which considerably distort the DNA double helical structure.
These products can be found in RNA as well as in DNA (Rycyna and Alderfer, 1988) .
However, the fate of UV-damaged RNA has been poorly documented to date. The first assumption would be that damaged RNAs are useless or even deleterious for living cells and might therefore be rapidly degraded. Indeed, exposure to UV radiation after treatment with the mRNA-synthesis inhibitor cordycepin has been shown to cause mRNA degradation in Arabidopsis thaliana (Revenkova et al., 1999) . In yeast, mRNA degradation profiling after UV irradiation was performed using thiolutin, a drug inhibiting RNA and protein synthesis. In wild-type cells, some transcripts were stabilized (26%), others destabilized (12%), while the majority remained unchanged (62%) 45 minutes after UV irradiation (Hieronymus et al., 2004) . We took advantage of the regulable GAL1 promoter to analyze mRNA decay after UV irradiation, thus avoiding the use of general inhibitors of RNA synthesis, which might induce a stress response and activate checkpoints on their own. Surprisingly, our results show that substantial and dose-dependent mRNA stabilization occurs upon UV irradiation in yeast (see Figure 1) . In human cells, a general and dose-dependent stabilization of mRNA has been observed after UV irradiation using the regulable tetoff promoter (Bollig et al., 2002; Gowrishankar et al., 2005) , indicating that the phenomenon is not restricted to yeast. The observation that UV-dependent mRNA stabilization occurred independently of DNA repair and of the DNA-damage checkpoint response (Figure 3 ) suggests that it results from damaged RNA. Other stresses that do not induce physical damage in nucleic acids, such as heat and saline shocks or nitrogen starvation, did not lead to a similar mRNA stabilization in our conditions (Figure 2 ). It is worth noticing that a previous report showed an inhibition of mRNA deadenylation leading to transcript stabilization during strong hyperosmolarity and heat shock in yeast (Hilgers et al., 2006) . However, the way experiments were performed differs between the two studies.
We assessed the stability of transcripts during recovery from mild saline and heat shocks that led to cell viability levels similar to those obtained after UV irradiation at 200 J/m 2 , whereas the previous report used strong continuous stresses. Indeed, the differences between both results indicate that the response to stresses strongly depends on the experimental conditions used. Despite the transcript stabilization observed after UV irradiation (this study) and during strong hyperosmolarity and heat shock (Hilgers et al., 2006) both being independent of the translational state of the mRNAs, a major difference between both responses is the localization of the mRNA pool. This is found in cytoplasmic UVGs after UV (Figure 4) , while mRNAs are retained in the nucleus during/after saline or heat shocks ( Figure S1 ; Tani et al., 1995; Saavedra et al., 1996; Yoshida and Tani, 2005) .
When present in RNA, UV lesions may surely inhibit translation as cisplatin crosslinks do (Rosenberg and Sato, 1988; Heminger et al., 1997) . We did not find a transcript length dependency of the mRNA stabilization response, in agreement with the assumption that a single damage on an RNA molecule would be enough to block translation and possibly trigger the response. As impaired translation elongation has been shown to increase mRNA stability (Beelman and Parker, 1994) , it was conceivable that trapping of translation at a UV lesion in the template mRNA could trigger the observed mRNA stabilization. Yet the observation that cycloheximide, a drug impairing translation elongation and known to reduce mRNA decay rates (Stimac et al., 1984; Herrick et al., 1990) , did not lead to poly-A+ foci formation ( Figure 5 ) argues against the idea that a translational machinery stalled at RNA lesions might be sufficient to trigger an RNA-damage response. Then again, translation might work as a sensor for damaged RNA and be required for poly-A+ foci formation. However, our results show that addition of cycloheximide does not prevent the formation of UVG ( Figure 5 ) and that polysomes do not get disassembled upon UV irradiation ( Figure 6 ). Together these results indicate that UVG formation is independent from translation elongation.
Interestingly, our results and previous work indicating that stalled ribosomes trigger a rapid RNA decay response termed no-go decay (Doma and Parker, 2006) suggest that potentially damaged mRNA might be trapped in UVG before their engagement in translation. This hypothesis is further supported by the observation that the stabilized GAL1-reporter transcript accumulates in polysome-free fractions in UV-irradiated cells (Figure 6 ).
At first glance, the UVG shared many of the properties of P-bodies, which are currently believed to be cellular sites of mRNA turnover (reviewed in Anderson and Kedersha, 2006; Eulalio et al., 2007; Parker and Sheth, 2007) . For example, P-bodies have been shown to function in RNA sorting and sequestration Bhattacharyya et al., 2006) . In addition, P-bodies are dynamic and are affected by a range of cellular perturbations including glucose deprivation, osmotic stress, exposure to UV light, and by the stage of cell growth (Kedersha et al., 2005; Teixeira et al., 2005; Wilczynska et al., 2005) . However, not only we show that UVGs do not colocalize with P-bodies (Figure 7 ), but several lines of evidence indicate that UVGs and P-bodies represent different structures. Thus, UVGs have been observed exclusively during recovery from UV irradiation, in contrast to P-bodies, which are present in the absence of exogeneous stress (Sheth and Parker, 2003) . P-bodies were shown to increase in size and number after osmotic stress and during glucose starvation as well as in a mutant impaired in RNA 5'-end decapping (Sheth and Parker, 2003) .
However, UVGs are not formed in response to osmotic stress ( Figure S1 ) nor during glucose starvation ( Figure S3 ; Brengues and Parker, 2007) and the amount of UVGs does not increase in dcp1-2 cells ( Figure 5 ). Importantly, P-body formation depends on translation elongation while UVGs arise in UV-irradiated cells independently of translation elongation (Figures 5-6 ).
Recently, new cytoplasmic bodies distinct from P-bodies, called EGP-bodies, have been described in yeast (Hoyle et al., 2007) . Evidence exists indicating that components of the translation repression complex found in P-bodies are functionally and physically associated with the ER, which might play a role in targeting some transcripts for localized translation (reviewed in Decker and Parker, 2006) . In the same line, COPI-coated vesicles have been proposed to act as short-range mRNA transport and localization vehicles, since they interact with mRNA and the poly-A+ binding protein Pab1, which is required to restrict ASH1 mRNA to the bud tip in yeast (Trautwein et al., 2004) . The recent finding that Pab1 and poly-A+ mRNA can be found in P-bodies during glucose depletion and the stationary phase (Brengues and Parker, 2007) further support the implication of Pbodies in mRNA storage and/or transport. From this point of view, it was plausible that storage and/or transport of damaged mRNA, -possibly associated with damaged proteins-might occur via the secretory pathway, and lead to the accumulation of UVG.
However, neither Rer1 (cis-golgi) nor Tlg1 (early endosome) colocalized with UVinduced poly-A+ foci (Figure 9 ), suggesting that UVG are not part of the secretory pathway.
In addition to P-bodies, which are conserved from yeast to humans, several kind of RNA granules have been observed in higher eukaryotic cells under stress, during oogenesis, and in neuronal cells (reviewed in St Johnston, 2005; Anderson and Kedersha, 2008) . Strikingly, these particles share certain components with P-bodies and the common function of storing non-translating mRNAs. Stress granules (SGs) are formed in mammalian cells in response to different types of stress, including UV irradiation, heat shock and oxidative stress (Kedersha et al., 1999; Kimball et al., 2003) .
Furthermore, recent work showed that a range of stresses lead to mRNA stabilization by inhibiting deadenylation in human cells (Gowrishankar et al., 2006) . The yeast RNAbinding proteins Pub1 and Nam8 are the putative homologues of the prion-like proteins TIA-1 and TIAR (this study), which are necessary for SGs formation in mammalian cells (Kedersha et al., 1999) . Pub1 is a major poly-A binding protein (Anderson et al., 1993; Matunis et al., 1993) , which has been recently involved as a regulator of cellular mRNA decay (Ruiz-Echevarria and Peltz, 2000; Vasudevan and Peltz, 2001; Grigull et al., 2004; Duttagupta et al., 2005) . Nam8 has been shown to be a component of yeast U1 snRNP, to facilitate 5'splice site (ss) recognition by interacting with non-conserved sequences downstream from the 5' ss (Puig et al., 1999) and to be required for meiosisspecific splicing (Ogawa et al., 1995; Nakagawa and Ogawa, 1999) . Analogous functions between Pub1 and its mammalian homologues TIA-1 and HuR, which both localize at SGs (Kedersha and Anderson, 2002) , as well as the findings that TIA-1 is a splicing regulator acting through intron sequences adjacent to the 5' ss (Del GattoKonczak et al., 2000; Forch et al., 2000) , suggest at least a partial conservation of functions from yeast to humans. However, we could not find any involvement of Pub1 or Nam8 in UV-dependent poly-A+ foci formation or evidence for the existence of SGs in S. cerevisiae (Figures 8, S1 and S3) . Thus, although SGs exist in S. pombe (DunandSauthier et al., 2002) , similar structures appear to be absent in S. cerevisiae.
Another described stress response is autophagy, a process in which cytosol and organelles are sequestered within double-membrane vesicles that deliver the contents to 20 the lysosome/vacuole for degradation and recycling of the resulting macromolecules (reviewed in Klionsky, 2005a, b) . Although autophagy is primarily induced by nutrient starvation, other kinds of stress might be able to activate the response as well. Indeed, our results indicate that the autophagy pathway is induced by UV irradiation in yeast, although to a lesser extent than in starvation conditions. However, the kinetics of UVinduced autophagy and UVG formation was different and the autophagy vesicle protein Aut7 absent from UV-induced poly-A+ foci (Figure 9) . Thus, the activation of autophagy by UV irradiation likely represent a response to DNA-damage checkpoint activation rather than to damaged RNA.
We have shown that UVGs contain poly-A+ RNAs that were present at the time of UV irradiation and therefore are potentially damaged ( Figure 5 ). The accumulation of putatively damaged poly-A+ RNA into novel cytoplasmic structures suggests that those transcripts are not designated for degradation, since removal of the poly-A+ tail is required before mRNAs can be decapped (Decker and Parker, 1993; Muhlrad et al., 1994) . This is consistent with simultaneous transcript stabilization, localization of 35% of the stabilized GAL1 reporter transcripts in UVGs, accumulation of stabilized GAL1 mRNA in polysome-free fractions, and with the formation of granules distinct from Pbodies, thus avoiding direct contact with the mRNA degradation machinery. The biological significance of UVG might be as simple as minimizing the deleterious, or even toxic, effects that damaged mRNAs are likely to exert on basic cellular processes (reviewed in Bregeon and Sarasin, 2005; Falnes et al., 2007) . Furthermore, sequestering the pool of mRNAs that have been subjected to UV radiation into a non-translating state would allow for preferential translation of newly transcribed mRNAs. The clustering of potentially damaged mRNAs into UVG might also serve to sort the unspoiled transcripts that can return to the translating pool from the damaged ones; the latter probably being then targeted to degradation. This idea is further supported by the observation that a small fraction of UVG localizes at or near to P-bodies ( Figure 7 ).
Alternatively, since transcripts exist whose half-lives span several life cycles (Herrick et al., 1990) , it might be worth repairing damaged transcripts rather than discarding them. Studies from the 70's suggested that photoreactivation might repair UV-damaged viral RNA in plants (Merriam and Gordon, 1965; Murphy and Gordon, 1971; Hurter et al., 1974) . More recent work showed that alkylation damage to RNA is repaired in vivo both in bacteria and in human cells (Aas et al., 2003; Ougland et al., 2004) . Thus, we cannot exclude that RNA repair mechanisms might exist in yeast.
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Taken together, our results point to the existence of a RNA-damage specific cellular response in yeast, which leads to transcript stabilization and to the accumulation of potentially damaged poly-A+ mRNA in a novel class of cytoplasmic granules (UVG). Further work will be required to identify the proteins associated with these granules, and whether they represent a transient accumulation of bulk mRNA, regardless of their integrity, or exclusively contain damaged mRNAs or mRNA-protein aggregates. Nonetheless, it is tempting to speculate that damaged mRNAs, which are predicted to be deleterious or even toxic for the cell, might be stored until the cell recovers, being either repaired, degraded or recycled to a later time point.
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Figure Legends 
